INTRODUCTION
Farrowing sows have a thermoneutral zone of 18°C to 20°C (Silva et al., 2009a) , and piglets have a lower critical temperature of 25°C to 30°C when grouped in a litter (Herpin et al., 2002) and even higher at birth (Kammersgaard, 2013) . Efforts to provide a warm environment for piglets or high temperatures during summer may lead sows to experience heat stress. The negative impact of high ambient temperature on sow's milk production and feed intake during lactation has been well documented, especially in crated sows (Black et al., 1993; Prunier et al., 1997) . However, the negative impact of high ambient temperature on sow behavior and stress physiology have been studied mainly during late lactation in crated sows and during farrowing in loosehoused sows. Malmkvist et al. (2009) observed that floor heating acts as a stressor around farrowing, increasing sows' plasma cortisol concentrations but not influencing sows' behavior in a loose-housing lactation system ABSTRACT: The aim of the experiment was to study the impact of high ambient temperature (25°C) around farrowing on crated sows unable to perform thermoregulatory behavior. Twenty sows were housed in 2 farrowing rooms in conventional farrowing crates. In 1 room (CONTROL) temperature was kept at 20°C. In the other room (HEAT) temperature was initially kept at 20°C and gradually raised until it reached 25°C from d 112 to 115 of gestation. Then the temperature was gradually lowered to 20°C. Sows were continuously video recorded for behavior recording. Sows' respiration rates were recorded from d 3 before farrowing to d 5 after farrowing. Sows' rectal temperatures were recorded from d 1 before farrowing to d 8 after farrowing, and sows' udder surface temperatures were recorded from the day of farrowing to d 3 after farrowing. All measures were recorded daily. Sows' BW were recorded at d 108 of gestation and at weaning. Sows' back fat was recorded on farrowing day, when room temperature was set again at 20°C, and at weaning. Piglets were weighed at d 1, 14, and 21. The HEAT sows spent a higher proportion of time lying in the lateral position than CONTROL sows, both during the 16 h before farrowing and the 24 h after the start of farrowing (P < 0.05), but with no difference in the amount of time spent lying down between groups (P > 0.10). The HEAT sows had higher rectal temperature on d 1 after farrowing (P < 0.05) and had udder surface temperature 0.9°C higher than that of CONTROL sows during the recording period (P < 0.05). The HEAT sows also tended to have longer farrowing duration (P < 0.10). Respiration rate was higher in HEAT sows on d 1 before farrowing and on the day of farrowing. On d 7, 8, and 9, CONTROL sows had higher feed intake (P < 0.05), and piglets from CONTROL sows were heavier at d 21 after farrowing (P < 0.05). High ambient temperature around farrowing altered sows' postural behavior. Sows reacted to the thermal challenge with higher respiration rate around farrowing, but both their rectal and udder temperatures were elevated, indicating that they were not able to compensate for the higher ambient temperature. High ambient temperature negatively influenced sows' feed intake, with negative impact on piglets' weaning weight. High temperatures around farrowing (25°C) compromise crated sows' welfare, with a potential negative impact on offspring performance.
when the opportunity for thermoregulatory behavior is limited. However, Malmkvist et al. (2012) observed successful thermoregulation in loose-housed sows (kept at 25°C) with increased possibility to perform thermoregulatory behavior. Damgaard et al. (2009) reported no negative impact of floor heating around parturition in loosehoused sows able to perform thermoregulatory behavior. Similarly, De Oliveira Júnior et al. (2011) observed no impairment of crated sows' lactation efficiency in hot conditions when they were provided with floor cooling or when sows were given the possibility to perform thermoregulatory behavior. We hypothesize that crated sows might not be able to adapt to high ambient temperature around farrowing, not only impairing their productive performance but altering their behavior and welfare. Thus, the objective of the present study was to investigate the impact of high room temperature (25°C) around farrowing on sow behavior and thermoregulation capacity.
MATERIAL AND METHODS
The study conformed to the guidelines for ethical treatment of animals in applied animal and welfare research by the ethics board of the International Society of Applied Ethology (http://www.applied-ethology.org), and all procedures involving animals were approved by the Danish Animal Experiments Inspectorate in accordance with Danish Ministry of Justice Law 382 (June 10, 1987) and Acts 333 (May 19, 1990 ), 726 (September 9, 1993 ), and 1016 (December 12, 2001 ).
Animals, Housing, and Management
Twenty second-parity sows (Danish Landrace × Yorkshire) were used in the experiment. All 20 sows had expected date of farrowing (d 116 of pregnancy) within 2 d. All the sows were housed and managed at the experimental farm at Aarhus University, according to Danish production standards. During gestation, sows were group housed with electronic feeding systems. On d 108 of gestation sows were moved to a climate-controlled farrowing unit. A total of 2 farrowing rooms with 10 individual farrowing pens each were used. Each farrowing pen (1.8 × 2.7 m) had an individual crate (0.7 × 2.4 m) placed at the center of the pen. Half of the floor was concrete, whereas the remaining half at the hind part of the sow had a slatted metal floor. Each farrowing pen had a creep area for piglets (0.6 m 2 ), equipped with a heating lamp, at 1 corner of the pen, next to sow's feeder.
During lactation, sows were fed 3 times a day (0800, 1600, and 2100 h) with a standard dry sow diet (14.4% CP, 3.2% Crude Fat 8.2 MJ Potential Physiologically available energy/kg) for lactating sows. Feed was restricted to 3.5 kg before farrowing and increased gradually during the first week after farrowing until ad libitum was reached. Sows and piglets had ad libitum access to water in separate nipple drinkers, and sows were provided with chopped wheat straw (0.2 kg provided daily on floor). Before each feeding time, feed leftovers were removed and weighed to nearest gram. Litters were equalized at a maximum of 14 live piglets 24 h after birth of the first piglet (BFP), corresponding to the smallest number of functional teats in 95% of the sows (range 12 to 16). The surplus piglets were chosen randomly and removed to foster sows outside the experimental rooms. The procedure for the piglets included a 1-mL iron supplement given subcutaneously and tail docking and castration of male pigs performed within 4 d after birth. Weaning took place at 24 ± 2 d of age.
Experimental Treatment
Sows were randomly distributed to the 2 treatments: 1) For CONTROL, room temperature was kept at 20°C during the entire lactation period. 2) For HEAT, room temperature was initially kept at 20°C (when sows entered the farrowing room at d 108 of gestation); at d 112 of gestation room temperature was raised to 22°C, and from d 112 to 115 of gestation room temperature was raised gradually until it reached 25°C. For 4 d the room temperature was kept at 25°C; then it was lowered to 23°C for 1 d and lowered to 21°C for 2 d, before reaching 20°C. During the rest of the experimental period room temperature was maintained at 20°C. Each treatment group was allocated to 1 room with 10 farrowing crates. The room temperature was controlled within the nearest 0.1°C at a relative humidity of 60% ± 2% during the entire experimental period from birth until weaning of piglets. Although all HEAT sows were exposed to 25°C for 4 d, as a consequence of the individual variation in the farrowing day, sows were exposed to 25°C temperature for a variable amount of time before parturition (range: 32 to 100 h); this duration is included as a covariate in the statistical analysis.
Sow Behavior
Behavior of sows was continuously video recorded using a digital camera placed above each pen, and all cameras were connected to a computer that stored the video files (using MSH-Video software, M. Shafro & Co., Riga, Latvia). On the basis of results from previous studies (Malmkvist et al., 2012) , continuous observations were made during the 16 h before BFP and during 24 h after BFP, differentiating observations made during farrowing and observations made after birth of the last piglet. The recorded single-behavior elements (occurrence and duration) during the 16 h before BFP are presented in Table 1 . During the 24 h after BFP, the occurrence and duration of sow postures (standing, sitting, lying laterally, and lying sternal) and the number of postural changes (number of times sow changed from 1 posture to another: lying [either lying in sternal or lateral position], sitting, and standing) were observed continuously.
Sow Respiration Rate and Rectal and Udder Temperatures
Sow respiration rate (counted breaths/min) was registered daily (1630 to 1700 h) from d 3 before farrowing to d 5 after farrowing. Sow rectal temperature was recorded twice a day (0900 to 0930 h and 1900 to 1930 h) with a digital thermometer (Digi-Temp Digital Thermometer, Kruuse, Langeskov, Denmark; with a display resolution of 0.01°C and a ±0.1°C accuracy) from d 1 before farrowing to d 8 after farrowing. The average value resulting from the 2 daily measures was used in the statistical analysis. Additionally, from day of farrowing to d 3 after farrowing, 1 picture of the udder was taken daily (1900 to 1930 h) per sow (on the udder tissue between and above 2 nipples in the back third part of the udder, avoiding piglets) using an infrared thermographic camera (model SC660, Flir Systems, Wilsonville, OR) with a spatial resolution of 640 × 480 pixels and a thermal resolution of 0.030°C for later determination of surface temperatures. All thermal images were analyzed using ThermaCam Researcher Pro 2.10 software (Flir Systems), reporting the mean surface temperature (°C) in the selected area.
Sow and Piglet Productivity and Growth Performance
Sows were weighed before entering the farrowing room at d 108 and at weaning. Back fat thickness from sows was measured on the P2 spot (last rib 65 mm down the dorsal middle line) on both sides of the body using a portable ultrasound system SSd-500V (Hiatachi Aloka Medical Ltd., Wallingford, CT) on day of farrowing, at the end of treatment imposition, when HEAT room temperature was again set at 20°C, and at weaning. The numbers of piglets born alive and stillborn were recorded after the end of farrowing. On the basis of video recordings, farrowing duration (from BFP to birth of the last piglet) was recorded. Daily feed intake was recorded during the lactation period. Piglets were individually identified with an ear tag and weighed on d 1 to 7, 14, and 21 after farrowing from 0800 to 1100 h; on the same days observations of piglets' positions in the pen were performed from 1100 to 1500 h (results not included).
Statistical Analysis
All statistical analyses were performed using SAS 9.2 (SAS Inst. Inc., Cary, NC). All data were explored to determine distribution using the Univariate procedure of SAS. Sow was considered the experimental unit, and for piglet variables, litter within treatment was included as a random effect. All the models used for statistical analysis were reduced by stepwise removing nonsignificant terms (P > 0.10) starting with the highest order of interactions, although keeping as minimum the principal treatment (temperature) in the model. The α level of significance was set at 0.05.
Sow feed intake, respiration rate, and rectal and udder temperatures were analyzed by repeated measures using general linear mixed models. Day of measurement and the interaction between treatment and day of measurement were included in the models. Sow initial BW was also introduced as a covariate.
Sow behavior elements recorded during the 16 h before BFP (standing active, standing inactive, feeder visits, and number of activities) were analyzed using general linear mixed models with negative binomial distribution. Sow initial BW was also introduced as a covariate when significant. No. of activities Number of times sow changed from 1 posture or activity as described above to another
No. of postural changes
Number of times sow changed from 1 posture to another: lying (either lying in sternal or lateral position), sitting, and standing (either standing active or inactive)
Sow BW, back fat, back fat loss during lactation, total number of piglets born, and farrowing duration were analyzed using GLM. Sow initial BW and back fat were used as covariates in the models for sow final BW and final back fat, respectively. Total number of piglets born was introduced as a covariate when significant in the model. Piglet BW was analyzed using general linear mixed models using BW at d 1 as a covariate for d 14 and 21.
RESULTS

Sow Behavior
Sow behavior results for all the behavioral elements recorded from 16 h before BFP to 24 h after BFP are presented in Table 2 . For the total time sows spent in the lying position, CONTROL sows spent a higher proportion of time lying in sternal position (P < 0.001), whereas HEAT sows spent a higher proportion of time lying in the lateral position during the 16 h before BFP (P = 0.003). The same differences were observed from birth of the last piglet to 24 h after BFP (P = 0.038 and P = 0.018, respectively). During all recording periods, sows from the 2 groups did not differ in the percentage of time that they spent lying, sitting, or standing (P > 0.25). There were no differences in number of feeder visits; activity bouts; or percentage of time standing active, inactive, or at the feeder during the period of 16 h before BFP between CONTROL and HEAT sows (P > 0.10).
Sow Respiration Rate and Rectal and Udder Temperatures
Development in the sow's respiration rate from d 3 before farrowing to 5 d after farrowing is represented 2 CONTROL: room temperature kept at 20°C during the entire lactation period; HEAT: room temperature initially kept at 20°C and gradually raised until reaching 25°C from d 112 to 115 of gestation, then gradually lowered to 20°C.
3 16 h before BFP = 16 h before birth of the first piglet (BFP). 4 No. of postural changes = number of times sow changed from 1 posture to another (lying, either in a sternal or lateral position, sitting, and standing).
5 From BFP to BLP = from BFP to birth of the last piglet (BLP). in Fig. 1 . The HEAT sows had higher respiration rate on the day before farrowing (P = 0.033) and on the day of farrowing (P = 0.004).
Sow rectal temperature development from 1 d before farrowing to 8 d after farrowing is presented in Fig. 2 . The HEAT sows tended to have a higher rectal temperature than CONTROL sows around farrowing (tendency d 0: P = 0.091; d 1: 0.6°C higher; P = 0.016; tendency d 3: P = 0.068). Furthermore, on average, the udder surface temperature was 0.9°C higher in HEAT than in CONTROL sows from farrowing to d 3 after farrowing (P < 0.019).
Sow and Piglet Productivity and Growth Performance
Sow BW and back fat results are presented in Table 3 . No differences between treatment groups were observed for sow BW or back fat thickness during the experiment (P > 0.10). The number of total piglets born did not differ between CONTROL and HEAT sows (18.8 vs. 19.0 ± 0.10; P = 0.57). The HEAT sows had longer farrowing duration than CONTROL sows (580 vs. 412 ± 104.9 min; P = 0.040).
On d 6 after farrowing, CONTROL sows showed a tendency for higher feed intake (3.8 vs. 3.3 ± 0.17 kg; P = 0.060). On average, the feed intake was 0.9 kg higher in CONTROL than in HEAT sows from d 7 to 9 after farrowing (P < 0.05).
Piglet BW between treatment groups did not differ on d 1 (P = 0.20). On d 14 after birth, CONTROL piglets tended to be heavier than HEAT piglets (P = 0.092). On d 21 after birth, CONTROL piglets were heavier than HEAT piglets (P = 0.031).
DISCUSSION
In the present experiment, high ambient temperature around farrowing (25°C) altered sows' postural behavior before and after farrowing. However, during the peripartum period, sows responded to the thermal challenge with a higher respiration rate the day before and on the day of farrowing. Additionally, both their rectal and udder temperatures were elevated, indicating that they were not able to fully compensate for the higher 2 BF end of treatment = back fat thickness measured at the end of treatment imposition, when HEAT room temperature was set again at 20°C 3 BF loss end treatment = back fat thickness loss at the end of treatment imposition, when HEAT room temperature was set again at 20°C.
4 BF loss wean = back fat thickness loss at weaning. ambient temperature. Moreover, sows housed at a high ambient temperature around farrowing had lower feed intake 1 wk after farrowing. Finally, piglets from sows kept at a high ambient temperature around farrowing had lower BW on d 21 after farrowing. Taken together, the results indicate that the sows were not able to compensate for the heat and may experience heat stress.
Although increased ambient temperature in the present study did not influence the time sows spent lying, sitting, or standing, it did increase the proportion of time sows spent lying in the lateral position and reduced the proportion of time that they spent lying in the sternal position. Such effects were observed both during the observation period before farrowing and during the observation period after birth of the last piglet. During the farrowing process (from BFP to birth of the last piglet) no differences between groups were observed because sows spent almost all of the time lying in the lateral position to deliver. Lateral lying increases the animal surface in contact with the floor compared to sternal lying, increasing heat loss through conduction. This modification of sow postural behavior was the only behavior strategy to adapt to the high ambient temperature observed in our study. Canaday et al. (2013) , although working with mature nonlactating gilts, also found that animals kept in crates in a hot environment (30°C) spent a higher proportion of time lying laterally, whereas gilts kept in crates in neutral and cold environments spent more time lying in the ventral position. Nonetheless, Canaday et al. (2013) also observed that gilts in a hot environment reduced the proportion of time spent in a standing position, as did Renaudeau et al. (2003) , who studied sows kept at 28°C between d 8 and 14 of lactation. Moreover, in the present experiment, no difference between groups were observed for the number of feeder visits and time standing at the feeder during the observation period before farrowing. These behaviors have been described as indicators of heat discomfort caused by high ambient temperatures (De Oliveira Júnior et al., 2011; Canaday et al., 2013) . The number of postural changes, which is considered to increase as a general response to stress in sows (Jarvis et al., 1999) , also did not increase in the present experiment. Conflicting results could be because HEAT sows in our experiment were exposed to 25°C for only 4 d, whereas in the study of Canaday et al. (2013) sows were exposed to a higher temperature (30°C) and sows in the work of De Oliveira Júnior et al. (2011) were exposed to an average temperature of 25.7°C for 28 d. Malmkvist et al. (2009) , using floor heating (33.5°C) during the periparturient period in farrowing pens, did not observe modifications of sow activity, proportion of time lying, or number of postural changes. The fact that the heat was provided through the floor and the animals were not able to move to a cooler area would explain the lack of differences in sows' lying behavior. In comparison, Malmkvist et al. (2012) observed that with increased ambient temperature (25°C) sows increased the proportion of colder floor use when lying. Similar to the results of Malmkvist et al. (2009) , the limited modification of sow behavior in our experiment could be explained by sows' limited capacity to express thermoregulatory behavior because sows were allocated in conventional farrowing crates, preventing sows' movements. Thus, sows' use of thermoregulatory behavior (change in postures, using lateral lying) is very dependent on the conditions provided and whether the postural changes have any thermoregulatory function.
According to our results, HEAT sows increased their respiratory rate and had higher udder surface temperature around farrowing. These are strategies to cope with high ambient temperature through evaporation from the lungs and by increased blood flow to the skin. However, the slight increase in rectal temperature observed on the day of farrowing and d 3 after farrowing, together with the increased rectal temperature on the day after farrowing, suggests that HEAT sows were unable to maintain their body temperature and could not overcome the high ambient temperature, resulting in heat-stressed animals. Interestingly Malmkvist et al. (2012) observed that ambient temperature had a large effect on the respiratory rate and surface temperature, whereas rectal temperature was rather unaffected in loose-housed sows with the capacity to perform thermoregulatory behavior, reflecting successful thermoregulation. The increase in respiratory rate is in agreement with the results of Quiniou and Noblet (1999) , who suggested that the evaporative critical temperature (at which evaporative heat loss begins to increase) is below 22°C for lactating sows. Accordingly, Renaudeau et al. (2003) indicated that there is an apparent inefficiency of the mammary gland in lactating sows kept at hot conditions related to an increase in the proportion of blood flow irrigating skin capillaries to dissipate body heat. Such supposition is in agreement with the increased udder skin temperature observed in the present experiment in HEAT sows after farrowing.
Sows stressed before farrowing are more prone to prolonged farrowing duration (Oliviero et al., 2008; Muns et al., 2014) . The HEAT sows in the present experiment showed an increased farrowing duration (168 min) compared to CONTROL sows. Back fat thickness at farrowing has also been positively correlated with farrowing duration (Oliviero et al., 2010) . Although we did not find significant differences between groups for back fat thickness at farrowing, our results could suggest that 10 sows per group was not enough to detect differences between groups. Other studies have found similar differences in back fat level (4.4 mm) to be significant when comparing more than 30 sows per treatment (Muns et al., 2014) . Different authors have observed that sows with higher BW and back fat at the end of gestation would lose more BW and back fat during lactation with no reduction in feed intake (Eissen et al., 2000; van der Peet-Schwering et al., 2004) ; however, no differences in BW or back fat loss during lactation were observed in our experiment, which is consistent with the lack of difference between groups for back fat thickness at farrowing. Therefore, we suggest that the inability to perform thermoregulatory behavior and heat stress around farrowing could explain the increase in farrowing duration observed in sows kept at 25°C around farrowing.
The HEAT sows showed a reduced feed intake between d 6 and 9 after farrowing and an impairment of piglet BW at weaning. The reduced piglet weaning weight in our experiment could be due to compromised milk production caused by sows' thermal discomfort. Other studies have observed a decrease in sow feed intake during lactation in hot conditions (Quiniou et al., 2000; Silva et al., 2009a,b; Bergsma and Hermesch, 2012) , associated on some occasions with reduced litter growth (Prunier et al., 1997; Silva et al., 2009b) . However, Kim et al. (2013) suggested that mammary glands of sows with large litters might be more efficient at producing milk, and Bergsma et al. (2009) observed that more efficient lactating sows had lower feed intake and smaller fat losses. Furthermore, Silva et al. (2009b) also observed that sows under hot conditions spend less time nursing. Although we did not record sows' nursing behavior during the first days of lactation, a reduced nursing time could explain the differences observed in piglets' weaning weights. Other authors found no effect on sow feed intake in floor-heated loose-housing pens in which sows were able to perform thermoregulatory behavior Brandt et al., 2012) . In the present study we did not observe increased BW or back fat loss in sows during lactation, whereas Silva et al. (2009b) did observe a reduction in sow BW and back fat during lactation. The reason for the different findings could be that sows were exposed to high temperature during the whole lactation period, resulting in a greater decrease in feed intake during lactation in Silva et al.'s (2009b) experiment. Reduced fat reserves due to increased leanness in modern breeds (Lewis and Bunter, 2011) might make the detection of differences in BW or back fat loss difficult in animals exposed to a heat challenge for a limited time.
In conclusion, in the present experiment sows kept under hot conditions around farrowing unsuccessfully performed compensatory thermoregulatory behavior. As a result, thermoregulation through evaporation from the lungs and by increased blood flow to the skin was not enough to maintain a constant internal body temperature, resulting in heat stress, thus compromising sow welfare. The negative impact of heat stress around farrowing might result in prolonged farrowing and reduced feed intake during lactation and might also have a negative impact on piglet performance.
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